Introduction
Optical control of the magnetization at ultrashort time scales is of prime interest [1] [2] [3] [4] [5] [6] in context of the data processing and spintronic applications 7, 8 . The inverse Faraday effect (IFE) provides a new way for efficient control of spins at GHz and THz rates 1 . Circularly polarized laser pulses can induce the IFE effective magnetic field of about 10 2 -10 4 Oe in a magnetic dielectric and excite the magnetization precession leading to magnetostatic spin waves [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . By now, the IFE has been investigated only in a freestanding crystals and films on a substrate. In this case optical pulses influence on the magnetization almost uniformly along the whole depth of the magnetic film. In the spectral range where dispersion of the optical and magneto-optical
properties of a magnetic sample is small the IFE depends on the laser pulse wavelength marginally.
At the same time, magnetic periodic structures like magneto-photonic and magneto-plasmonic crystals provide notable resonances in optical spectra resulting in significant enhancement of different magneto-optical effects [19] [20] [21] [22] [23] [24] [25] [26] [27] . The main reason of the enhancement is due to the excitation of the eigenmodes of the structure, which makes the light-matter interaction more efficient. For the magnetic structures containing conductive media the key role is played by surface plasmon-polaritons [19] [20] [21] [22] [23] [24] , while in magnetophotonic crystals (MPC) --all-dielectric periodic multilayer magnetic structures --the magnetooptical effects increase at the microcavity resonance inside the photonic band gap [25] [26] [27] .
Optical control of magnetization using magnetic nanostructures has been attempted in GdFeCo and
TbFeCo films covered with gold double-wire antennas and rectangular apertures in a gold film 28, 29 .
Subwavelength localization of the magnetic area influenced by light was achieved. Recent paper 30 describes the plasmon-induced demagnetization in nickel nanoparticles. The IFE in the samples covered by the nanosize apertures was theoretically investigated in the view of possible application for high-density all-optical magnetic recording 31 .
Due to the large optical losses in metals the plasmonic resonances are quite broad, that does not allow obtaining large values of the IFE and rather leads to thermal effects. In this respect, all-dielectric structures are more advantageous since they provide optical resonances with high optical quality factors 25, 26 . The IFE in alldielectric structures has not yet been experimentally considered.
In this work, we investigate the influence of the optical confinement on the IFE in the alldielectric MPCs. We excite the magnetization dynamics by the fs-laser pulses in the MPC to demonstrate that the IFE becomes very sensitive to the excitation laser wavelength and increases significantly at the microcavity resonance in the photonic band gap. The sample is a magnetophotonic crystal formed by the microcavity magnetic film (brown) sandwiched in between two nonmagnetic Bragg mirrors formed by several pairs of the dielectric layers N1 and N2 (gray).
The circularly polarized pump excites the magnetic film and the linearly polarized probe is used to observe the magnetization dynamics at some time delay. (a,b) Calculated distributions of the optically generated effective magnetic field inside the magnetic layer of the MPC and inside a single magnetic film are shown on the front side of the samples by green color demonstrating the 3D and 2D localization of the IFE, respectively.
Results
For performing the experiments, we used the MPC with a bismuth iron-garnet magnetic film sandwiched between two nonmagnetic dielectric Bragg mirrors (Fig. 1a) . Iron-garnet films doped with bismuth provide a large Faraday effect and have a relatively low optical absorption in the long-wavelengths visible spectral range 32, 33 . Doping allows achieving high magneto-optical figure of merit in the MPC. The magnetic film has out-of-plane anisotropy and consists of the auxiliary layer (M1) and the main layer (M2).
The M1-layer is needed to deposit the high quality M2-layer with large Bi concentration. For the 43° light incidence the cavity mode is excited in the photonic band gap center at λ 0 = 642 nm (Fig. 2a) . It is accompanied by the 5-fold enhancement of the Faraday effect with respect to the single magnetic film. The optically excited spin dynamics in the MPC was investigated by the pump-probe experimental technique.
The circularly polarized 150 fs pump-pulse was used to excite the magnetization precession due to the IFE: an effective magnetic field, H IFE , appears in the sample during the pulse propagation.
The observed oscillations of the Faraday angle of the probe beam, Ψ, can be described by the harmonic function with decaying amplitude, ( ) = − / , where is an initial amplitude of Ψ, τ is a decay time of the precession, and ω is a precession frequency (Fig. 2b) . Amplitude of the observed oscillations strongly depends on the pump wavelength that is varied near the cavity resonance.
Full-width at half-maximum (FWHM) of the ( ) resonance is Δλ = 12 nm, that is equal to the FWHM of the transmission peak.
It should be noted that the decay time is also sensitive to the pump wavelength: the longest decay appears at the resonance wavelength. It might be due to the fact that at the resonance wavelength the optical power concentration in the magnetic layer is maximal. As it was revealed previously, for the pumping of the iron-garnet films containing Gd ions at 600 -700 nm the increase of the fluence makes τ larger 34 . (1) where is a gyromagnetic ratio, ; = 4 − 2 T / , is a saturation magnetization and K U is an uniaxial anisotropy constant 34 (Supplementary material). Therefore, 456 can be found from measuring the precession amplitude.
In the magnetic film inside the MPC the optical field distribution over the film thickness is not uniform, that causes some distribution of ( ). In accordance to Eq.(1) ~( ). With time the distribution of ( ) becomes smoother since spins in the adjacent areas of the film interact by the dipoledipole and exchange interactions.
Depth dependent magnetization precession ( ) is detected by the probe pulse. As the probe pulse also propagates through the MPC the distribution of its electric field, ( ), in the magnetic film is not uniform as well. Consequently, the observed signal takes into account relative distribution of ( ) and ( ). However, in order to estimate the out-of-plane component of the IFE magnetic field, , from the experiment, one could assume that the probe beam measures averaged over the film thickness precession angle and = , where is the Faraday rotation of the film magnetically saturated out-of-plane and is the refraction angle of the incident light inside the magnetic film. Calculations confirm that this assumption leads to rather small inaccuracy, but allows a notable simplification of the formulas. Consequently, average value of the IFE magnetic field, , can be found from the experimental data as:
The value of the IFE strongly depends on the pump wavelength (black circles in Fig. 2c) demonstrating a giant peak in the photonic band gap (λ=642nm). The spectral dependence is similar to the direct Faraday effect. At the resonance wavelength 456 789 reaches 840 Oe. Area of the magnetic layer is shown (0 < < 410 nm). Inset: transmission spectrum of the MPC with the main resonance at λ = 1841 nm.
On the other hand, the IFE magnetic field is determined by the distribution of the pump electric field inside the magnetic film 1 :
where ε 0 and µ 0 are free space permittivity and permeability, respectively, and is a medium gyration. To calculate the distribution of ( ) we used the transfer matrix method 35 (Supplementary material). At λ=642nm Eq.(3) gives 456 ( ) with maximum value of 456A :;<: = 1825 Oe and the average of 456 :;<: = 850 Oe (Fig. 3a, black curve) . The latter is in nice agreement with 456 789 found from the experimental data via Eq. (2). Calculations for other pump wavelengths around the cavity resonance also follow the experimental results with good precision (solid blue curve in Fig. 2c ). It confirms applicability of Eqs. (1)- (3) = 65 nm. Therefore, the laser pulses excite the spin dynamics in the magnetic film locally in depth. Moreover, focusing of the pulses also adds the lateral locality. As a result, in the MPC we deal with the three-dimensional localization of the IFE in the cylindrical regions, which are 9 µm in diameter and only several tens of nanometers in height.
Furthermore, position of the IFE localization regions inside the magnetic film is tunable by variation of the pump wavelength or incidence angle. In particular, the IFE-regions are shifted by about 60 nm in depth, if the pump wavelength is changed from λ=642 nm to λ=808 nm, corresponding to the edge of the photonic band gap (Fig. 3b) . Therefore, spins in the film layers that are not directly excited at λ = 642 nm, become accessible at λ = 808 nm, and vice versa. At some wavelength range (around λ=800 nm) the direction of the IFE magnetic field changes by the opposite one within only 100 nm depth (blue curve in Fig. 3b ). Variation of the probe wavelength would also give additional advantage as it modifies distribution of the probing electromagnetic field and therefore provides sensitivity to the magnetization dynamics at different parts inside the magnetic film.
Resonance increase and localization of the IFE in the small regions inside the magnetic film at the wavelength of the cavity mode points out that the optical confinement is crucial for these phenomena. It can also be considered in terms of the increase of the optical density states in the cavity with respect to the free space in accordance to the Purcell effect.
The optical confinement is characterized by the quality factor, , defined by the ratio of the cavity resonance wavelength, Š , to the resonance full-width at half maximum, Δ : = Š /Δ . For the definite materials of the MPC is determined by the number of layers in the Bragg mirrors.
For the experimentally studied MPC the absorption of the magnetic film makes the dependence of the enhancement coefficient ( ) non-monotonic (Fig. 4) . At the level of absorption of the experimentally studied magnetic layers the optimal corresponds to three pairs of TiO 2 /SiO 2 layers in the MPC Bragg mirrors. Consequently, the investigated MPC sample is close to the optimal one. However, at the resonance wavelength of Š = 1400 nm the absorption of the magnetic film is more than 550 times smaller which leads to the linear dependence of ( ) for up to the 6 pairs of the TiO 2 /SiO 2 layers ( = 470) and promises maximum magnitude of = 110 (Fig. 4 , black curve).
Discussion
We have demonstrated that magnetophotonic crystals provide a giant peak in the dependence of the inverse Faraday effect on the pump wavelength and a significant enhancement of its value. In particular, the experimentally studied MPC gives a 5-time increase of the IFE with respect to a single film.
The enhancement factor is related to the quality factor of the microcavity and for this reason it is more advantageous to use dielectric Bragg mirrors rather than the metallic ones and operate in the transparency wavelength range of the magnetic film.
Moreover, calculation of the optical field distribution in the MPC reveals a subwavelength localization of the IFE along the film thickness down to tens of nanometers. Distribution of the IFE magnetic field in the magnetic film can be varied with the pump wavelength or the incidence angle of the fs-laser pulses. This feature can be used to access specific spins in the magnetophotonic crystal. Here we have found the IFE-region shift by about 60 nm for the pump wavelength change from 642 nm to 808 nm.
Optical confinement might allow excitation of spin wave resonances in the magnetic system, i.e. magnetic modes, which are characterized by non-uniform distribution over the film thickness 36 .
Further development of our concept of the IFE in structures with optical confinement can be performed by the implementation of different types of plasmonic or all-dielectric nanoantennas to concentrate the optical fields and inverse Faraday effect within even smaller volumes with a thickness of about ten nanometers. Therefore, the results of this study pave a way for the new applications in such areas as spintronics, holographic memory and quantum information processing.
Methods
Magnetophotonic crystal sample. The MPC structure consists of the magnetic film and two non-magnetic dielectric Bragg mirrors. The iron-garnet magnetic film was deposited in the argon-oxygen mixture by reactive ion beam sputtering of two targets with different compositions • / ), respectively. The auxiliary layer is needed to deposit high quality main layer with high Bi content and large specific Faraday effect. Each Bragg mirror of the MPC consists of four pairs of alternating 76-nm-thick TiO 2 (N1) and 117-nm-thick SiO 2 (N2) layers grown on the fused quartz substrate.
Pump-probe measurements. To investigate the magnetization precession excitation by laser pulses we used the pump-probe experimental technique. The laser system (Newport Mai Tai HP Ti:Sapphire laser and Spectra-Physics Inspire Auto 100 optical parametric oscillator) emits at 80.54 MHz repetition rate pairs of 150-fs-pulses: the pulse at a wavelength tunable from λ = 500 nm to 680 nm and the pulse at λ = 820nm. The first one (the pump pulse) is circularly polarized, has light energy fluence of 0.66 mJ/cm 2 (calculated for 9 μm diameter) and excites the magnetization precession. The second one (the probe pulse) is 20 times weaker and is used for observation of the magnetization dynamics through the direct Faraday effect, i.e. by measuring variation of the Faraday rotation angle, Ψ, caused by the magnetization precession. The incidence angles of the pump and probe beams are 42º and 30º, respectively. The time delay between the pump and probe pulses is varied from -0.5 to 2.6 ns, where zero time delay corresponds to the simultaneous propagation of the pump and probe pulses through the sample. An external magnetic field, H, was applied in-plane to saturate the magnetization.
Calculation of the electromagnetic field distribution in the MPC. Distribution of the effective field of the inverse Faraday effect inside the MPC structures ( Fig. 3 ) was calculated by using the transfer matrix method 29 . Dielectric permittivities and magnetic film gyration were taken from 30 and found from fitting the experimentally measured transmittance and Faraday rotation spectra of the MPC with calculated spectra. At the cavity resonance (λ = 642 nm) the magneto-optical parameters of the main and auxiliary layers are g=0.0182 and g=0.0061, respectively, while the absorption coefficients are α 1 =2600 cm -1 and α 2 =1990 cm .
